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We address the problem of detecting Bell nonlocality whenever Alice and Bob cannot identify which particle
detected by Alice is entangled with which particle detected by Bob and the only experimental information
are the intensities produced in each run of the experiment by N particles. This scenario naturally occurs in
Bell experiments with parametric down conversion when the crystal is pumped by strong pulses, in Bell tests
with distant sources in which particles may suffer different delays during their flight, and in Bell experiments
using living cells as photo detectors. We show that, although Bell nonlocality decreases as N increases, if
the parties can distinguish arbitrarily small differences of intensities and the visibility is larger than 0.98, then
Bell nonlocality can still be experimentally detected with fluxes of up to N = 15 particles. We show that this
prediction can be tested with current equipment, but requires the assumption of fair sampling.
I. INTRODUCTION
A. Motivation
Bell nonlocality, that is, the violation of Bell inequalities
[1], is one of the most characteristic signatures of quantum
theory and has a wide range of applications for communica-
tion and computation [2]. However, Bell nonlocality vanishes
if:
(i) The only experimental information available to the par-
ties (Alice and Bob) are the intensities registered by their re-
spective detectors.
(ii) Intensities are produced by continuous fields (rather
than by discrete particles).
(iii) The parties can only measure changes in intensity val-
ues of the order of
√
N , where N is the number of particles.
To explain why, let us consider the simplest Bell scenario:
two parties, each of them with two measurement options,
x ∈ {1, 2} for Alice and y ∈ {1, 2} for Bob, and each mea-
surements with two possible outcomes, a ∈ {0, 1} for Alice’s
measurements and b ∈ {0, 1} for Bob’s. Alice and Bob, using
classical communication, can compute the marginal probabil-
ity densities p(Ia|x, Ib|y)dIa|xdIb|y , where Ia|x and Ib|y are
the intensities registered by, respectively, Alice’s and Bob’s
detectors. If conditions (i)–(iii) hold, then, in the limitN  1,
consistency with classical physics forces this set of marginal
distributions to admit a local hidden variable model for the
intensities. In this case, it is said that the intensities exhibit
“macroscopic locality” [3].
Here, we investigate what happens when condition (i) holds
but conditions (ii) and (iii) do not. While in a standard Bell
test, every time one party chooses a measurement setting de-
tects one particle, as illustrated in Fig, 1(a), in this work we
assume that, instead of that, each party detects N > 1 parti-
cles. In addition, we assume that each party only has access
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FIG. 1. (a) Standard Bell test in which the source emits a pair of en-
tangled particles and each of Alice and Bob detects one of them after
choosing their respective measurement setting. (b) Bell test studied
here, in which the source emits N pairs of entangled particles and
each of Alice and Bob only detect the intensities produced by a flux
of N particles after choosing their respective measurement setting.
to the intensities these N particles have produced but not to
the order in which the particles have arrived to the detectors.
See Fig. 1(b). Or, equivalently, even if a party has detected the
N particles one by one, the order in which they are detected
does not give information about the order in which they were
emitted by the source.
We also assume that the parties can distinguish any small
difference of intensity between their two detectors. The spe-
cific problem we address is what happens with the violation
of a Bell inequality when, in each run of a Bell experiment
(i.e., when Alice has chosen to measure x and Bob has chosen
to measure y), each of Alice and Bob detects N > 1 particles
(rather than a single particle); some of them in the detector
corresponding to one of the two possible outcomes and the
rest in the other detector.
Our motivation for investigating this problem is twofold.
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2From a fundamental perspective, we know that the electro-
magnetic field behaves as made of individual packets called
photons and, therefore, intensities can be seen as produced by
an accumulation of discrete particles. That is, we know that,
from a fundamental perspective, condition (ii) does not hold.
In addition, from a practical perspective, there are several
scenarios in which, effectively, the only experimental infor-
mation available to Alice and Bob are the intensities, as in
Fig, 1(b), while Alice and Bob can still distinguish small dif-
ferences of intensities. The most relevant examples we have
identified are the following:
(I) Bell experiments where the source uses a paramet-
ric down conversion process [4] and the nonlinear crystal is
pumped with strong pulses, so each pulse producesN pairs of
entangled photons rather than a single pair. Here, we assume
that the detectors can collect all these photons. This is possi-
ble, using, for instance, special arrays of nanowire detectors
[5].
(II) Bell experiments where the source of entangled pairs
is moving and far from the detectors. In addition, there may
be disturbances during the propagation of the particles which
make impossible to identify which particle of Alice is entan-
gled with which particle of Bob. For example, this happens
when the the source is randomly oscillating in the direction of
propagation of the particles at higher speeds than the speed of
propagation of the particles and/or when particles propagate
a different speeds due to local disturbances. This may also
affect future satellite-to-ground Bell tests in which the source
is in the satellite and both Alice and Bob are in ground. In
current satellite-to-ground Bell tests, Alice is in the satellite
with the source [6]. This may also occur in Bell tests with
hypothetical cosmic sources of entanglement.
(III) In Bell experiments that use hybrid photo detectors
that incorporate living cells. For example, rod photorecep-
tor cells taken from the eye of a frog [7]. There, each rod has
an outer segment that contains rhodosin molecules that under-
goes a chemical change when exposed to light. This results
in an electrical signal that is picked up by the nervous system
and relayed to the brain. When submitted to a flux of pho-
tons, each photon interacts with just one rhodosin molecule
[7]. If one can distinguish which electrical signal (the one cor-
responding to 0 or the one corresponding to 1) corresponds to
a higher intensity, then we are in the case that we are consid-
ering. If this distinction would be possible in the brain, we
could detect Bell nonlocality using human eyes and without
needing entanglement amplification (as in [8, 9]).
In Sec. III, we discuss a fourth case designed to test our
results in a more controlled environment.
The structure of the paper is as follows. In Sec. II A, we
begin by assuming that both the state preparation and the de-
tection efficiency are perfect. That is, that there is no noise and
each of Alice and Bob detects N particles. Then, in Sec. II B,
we study the effect of noise and, in Sec. II C, we study the
effect of imperfect detection. In Sec. III, we propose an ex-
periment to test our results.
B. Bell vs contextuality experiments with intensities
Before going on, it is important to stress that the limitation
that the only experimental information available is the inten-
sities in each detector creates a fundamentally different prob-
lem in Bell experiments than in Kochen-Specker contextual-
ity experiments [10]. In the second case, spacelike separation
plays no role so in the Kochen-Specker contextuality exper-
iment equivalent to the simplest Bell inequality experiment
Bob’s measurement can be timelike separated from Alice’s.
This allows us to encode each of Alice’s discrete outcomes in
an extra degree of freedom (for example, path [11], time [12],
or polarization [13]) before Bob’s measurement is performed.
This allows us to guide the flux of discrete particles to four dif-
ferent detectors: one corresponding to the case the outcomes
of Alice and Bob are 0, 0 (respectively), the second for the
case 0, 1, the third for 1, 0, and the fourth detector for 1, 1.
This trick of encoding Alice’s outcomes in an extra degree of
freedom before performing Bob’s measurement allows us to
recover quantum contextual correlations even using classical
microwaves and classical light [14, 15]. However, this trick
is not possible when there is spacelike separation between Al-
ice’s and Bob’s measurements as is the case in Bell experi-
ments.
II. RESULTS
A. Ideal case
We consider the simplest Bell inequality, the Clauser-
Horne-Shimony-Holt [16] Bell inequality, in the version pro-
posed by Zohren and Gill in Ref. [17], namely,
S ≥ 1, (1)
with
S = p(01|22) + p(10|12) + p(01|11)
+p(11|21) + p(10|21) + p(00|21), (2)
where p(ab|xy) is the probability of obtaining outcomes a and
b for measurements x and y, respectively.
In the case of N = 1, the maximum quantum violation is
S =
3−√2
2
≈ 0.793, (3)
and is achieved, for example, with the state
|φ+〉 = 1√
2
(|0〉A ⊗ |0〉B + |1〉A ⊗ |1〉B), (4)
where, e.g., |0〉A denotes that Alice’s particle is in the state
represented by the vector
(
1
0
)
and |1〉B denotes that Bob’s
particle is in the state represented by
(
0
1
)
, and the following
3measurement settings:
Mx=1 =
1
2
(1 − σx), Mx=2 = 1
2
(1 − σy), (5a)
My=1 =
1
2
[
1 − σx + σy√
2
]
, My=2 =
1
2
[
1 − σx − σy√
2
]
,
(5b)
where 1 denotes the identity matrix and σn the Pauli matrix
in the direction n. Each of these observables has two possible
outcomes: 0 and 1, corresponding to the eigenvalues of the
operator that represents the observable.
Now we consider the case in which, in each run of the Bell
experiment, each of Alice and Bob receives a number N > 1
of particles every time they chose their measurement. N0 of
the particles end up in the detector corresponding to the out-
come 0 of the measurement and N1 = N − N0 of the par-
ticles end up in the detector corresponding to the outcome 1.
There is no information about the order in which the particles
arrived. The only information are the intensities I0 = kN0
and I1 = kN1 in each detector. Using this information, each
of the parties, without communicating with the other party,
should provide an outcome 0 or 1. The question is which is
the strategy that better preserves Bell nonlocality.
After checking all possible alternatives, we have found that
an optimal strategy is the one in which each party outcomes
the detector that has higher intensity. That is, if I0 > I1,
then the party outcomes 0, while, if I0 ≤ I1, then the party
outcomes 1.
Then, for example to compute pN (ab|xy), defined as the
probability of Alice yielding the outcome a for measurement
x, and Bob yielding the outcome b for measurement y, when
each of them detect N particles, we have to sum the probabil-
ities of all the possible ways in which N particles in Alice’s
side and N particles in Bob’s side may have induced Alice to
outcome a and Bob to outcome b.
For example, for N = 2,
p2(01|xy) = p(00|xy)p(01|xy) + p(01|xy)p(00|xy)
+ p(01|xy)p(01|xy), (6)
where p(00|xy)p(01|xy) is the probability that the first pair
of particles ended in detector 0 for Alice and Bob, while the
second pair ended in Alice’s detector 0 and Bob’s detector 1.
For arbitrary N ,
pN (00|xy) =
∑
∑N
i=1 ai<
N
2
∑
∑N
j=1 bj<
N
2
N∏
k=1
p(akbk|xy), (7a)
pN (01|xy) =
∑
∑N
i=1 ai<
N
2
∑
∑N
j=1 bj≥N2
N∏
k=1
p(akbk|xy), (7b)
pN (10|xy) =
∑
∑N
i=1 ai≥N2
∑
∑N
j=1 bj<
N
2
N∏
k=1
p(akbk|xy), (7c)
pN (11|xy) =
∑
∑N
i=1 ai≥N2
∑
∑N
j=1 bj≥N2
N∏
k=1
p(akbk|xy). (7d)
FIG. 2. Maximum quantum violation of the Bell inequality SN ≥ 1
as a function of the number N of particles detected by each party
for states of the form (9), for different values of V . For a given V ,
the violation is higher when N is odd. For V = 0.95, the violation
vanishes for N > 9, if N is odd, and for N > 4 if N is even.
For V = 0.97, the violation vanishes for N > 17, if N is odd,
and for N > 6 if N is even. For V ≥ 0.99, there is always violation
(although very small) at least up toN = 18. Obtaining the maximum
quantum violation for higher values of N requires computing power
that exceeds our capabilities.
Therefore, we can define
SN = pN (01|22) + pN (10|12) + pN (01|11)
+pN (11|21) + pN (10|21) + pN (00|21) (8)
and compute the maximum quantum violation of the Bell in-
equality SN ≥ 1 as a function of N . The result of our calcu-
lations is presented in Fig. 2 (black points).
We have found that the maximum quantum violation is al-
ways obtained for the state given in Eq. (4) and the measure-
ments given in Eqs. (5) and depends on whether N is even or
odd. The violation of the Bell inequality is larger for N odd.
This is due to the fact that only when N is odd, the intensities
in both detectors are always unequal, so the strategy of yield-
ing the largest intensity as outcome partially keeps the quan-
tum behavior. In contrast, when N is even, the intensities in
both detectors are sometimes equal and, then, yielding 1 as
outcome destroys any quantum correlation and degrades the
violation.
B. The effect of noise
So far, we have assumed that the state is perfect. Here,
we examine the case in which the state is affected by some
amount of white noise. Specifically, we assume that the pre-
pared state is
ρ = V |φ+〉〈φ+|+ (1− V )1
4
, (9)
where V , sometimes referred to as the visibility of the state,
is not 1. For state-of-the-art photonic experiments V ≥ 0.98
[18]. Here, we have computed the maximum quantum viola-
tion for V = 0.95, V = 0.97, and V = 0.99. The results are
presented in Fig. 2 (red, blue, and green points, respectively).
4The maximum quantum violation is always obtained for the
measurements given in Eqs. (5) and depends on whether N is
even or odd. Higher noise makes that the violation disappears
for smaller values ofN . Interestingly, our results suggest that,
with V ≈ 0.99, it is possible to experimentally observe a sta-
tistically significant violation of the Bell inequality even with
fluxes of up to 15 particles.
C. Inefficient detectors
So far, we have assumed that the detectors capture the
N pairs of particles emitted by the source. However, in actual
experiments detectors only capture a fraction of the particles.
Therefore, an interesting question is how robust the violation
of inequality SN ≥ 1 is when some of the particles are miss-
ing but the parties keep following the same strategy. That is,
if one party observes I0 > I1 in its detectors, then the party
outputs 0, and, if it observes I0 ≤ I1, then the party outputs 1.
Here, we obtain the minimum detection efficiency ηmin
needed to observe violation of inequality SN ≥ 1 using the
strategy mentioned above, as a function of N . The detection
efficiency is the ratio between the number of particles detected
by a detector and the number of particles emitted towards that
detector. We assume that the source is heralded, V = 1, all
detectors have the same detection efficiency η, and there are
no dark counts during the experiment.
For N = 1, the strategy described above is equivalent to
yielding outcome 1 when no detection occurs. Then, we have
the following cases:
[1.1] With probability η2, both parties detect its particle.
For this subensemble, S1 = 3−
√
2
2 .
[1.2] With probability η(1 − η), Alice detects and Bob
does not. Therefore, Bob observes I0 = I1 and always out-
puts 1. Therefore, for this subensemble, S1 = pA(0|2) + 0 +
pA(0|1) + pA(1|2) + 0 + 0 = 12 + 0 + 12 + 12 + 0 + 0 = 32 ,
where pA(0|2) is the probability that Alice finds the particle
in detector 0 (and then outcomes 0) when she measures 2.
[1.3] With probability (1 − η)η, Alice does not detect
and Bob detects. Therefore, Alice observes I0 = I1 and
always outputs 1. Therefore, for this subensemble, S1 =
0 + pB(0|2) + 0 + pB(1|1) + pB(0|1) + 0 = 32 .
[1.4] Finally, with probability (1 − η)2, neither Alice nor
Bob detects, so each of them always outputs 1. For this
subensemble, S1 = 0 + 0 + 0 + 1 + 0 + 0 = 1.
Therefore, ηmin follows from demanding that
η2
(
3−√2
2
)
+ 2η(1− η)3
2
+ (1− η)2 < 1, (10)
which implies
ηmin(N = 1) =
2
1 +
√
2
≈ 0.828. (11)
That is, there is Bell nonlocality (without making the fair
sampling assumption; see below) if the detection efficiency
is higher than this value. This values coincides with the one
obtained for N = 1 after optimizing over all strategies [19].
Let us now suppose that N = 2. Then, we have the follow-
ing cases:
[2.1] With probability η4, each of Alice and Bob detects the
two particles. For this subensemble, S2 = 2116 − 12√2 , where
S2 is defined in Eq. (8).
[2.2] With probability 2η3(1 − η), Alice detects the two
particles and Bob only detects one (and thus he outputs the
detector in which he found the particle). The factor 2 comes
from the fact that the particle that Bob detects can be the one
of the first part or the one of the second pair. To compute
the value of S2 for this subensemble, let us assume that Bob
detects the first particle but not the second (the value of S2 is
the same if Bob detects the second but not the first one). Then,
S2 = p(01|22)pA(0|2)
+p(00|12)pA(1|1) + p(10|12)pA(0|1) + p(10|12)pA(1|1)
+p(01|11)pA(0|1)
+p(01|21)pA(1|2) + p(11|21)pA(0|2) + p(11|21)pA(1|2)
+p(00|21)pA(1|2) + p(10|21)pA(0|2) + p(10|21)pA(1|2)
+p(00|21)pA(0|2)
= [p(01|22) + p(00|12) + p(10|12) + p(10|12)
+p(01|11) + p(01|21) + p(11|21) + p(11|21)
+p(00|21) + p(10|21) + p(10|21) + p(00|21)] 1
2
=
6−√2
4
. (12)
For example, p(01|xy)pA(0|x) is the probability that, for this
subensemble, Alice outputs 0 and Bob outputs 1 when they
measure x and y, respectively. This follows from the fact that
Alice only outputs 0 when she finds the two particles in detec-
tor 0, and Bob only outputs 1 when he finds his (first) particle
in detector 1 (the second particle is undetected). Similarly,
p(00|xy)pA(1|x) + p(10|xy)pA(0|x) + p(10|xy)pA(1|x) is
the probability that Alice outputs 1 and Bob outputs 0, since
Alice outputs 1 when she finds one or the two particles in de-
tector 1, and Bob only outputs 0 when he finds his particle in
detector 0 (the second particle is undetected).
[2.3] With probability 2η3(1 − η), Alice detects one parti-
cle (and thus she outputs the detector in which she found the
particle) and Bob detects the two particles. To compute the
value of S2 for this subensemble, let us assume that Alice de-
tects the first particle but not the second (the value of S2 is the
5same in the other case). Then,
S2 = p(00|22)pB(1|2) + p(01|22)pB(0|2) + p(01|22)pB(1|2)
+p(10|12)pB(0|2)
+p(00|11)pB(1|1) + p(01|11)pB(0|1) + p(01|11)pB(1|1)
+p(10|21)pB(1|1) + p(11|21)pB(0|1) + p(11|21)pB(1|1)
+p(10|21)pB(0|1)
+p(00|21)pB(0|1)
= [p(00|22) + p(01|22) + p(01|22) + p(10|12)
+p(00|11) + p(01|11) + p(01|11) + p(10|21)
+p(11|21) + p(11|21) + p(10|21) + p(00|21)] 1
2
=
6−√2
4
. (13)
[2.4] With probability 2η2(1 − η)2, Alice detects one par-
ticle and Bob detects its entangled companion for one of the
pairs but none of them detects the particle of the other pair.
Then, they output what the detectors in which they found
their respective particle. Therefore, the value of S2 for this
subensemble is S2 = 3−
√
2
2 .
[2.5] With probability 2η2(1 − η)2, Alice detects one par-
ticle and Bob detects the one that it is not entangled with it.
Therefore, since their outputs are statistically independent, the
value of S2 for this subensemble is S2 = 6× 14 = 32 .
[2.6] With probability η2(1 − η)2, Alice detects the two
particles and Bob none (and thus he always outputs 1). For
this subensemble, S2 = 14 + 0 +
1
4 +
3
4 + 0 + 0 =
5
4 .
[2.7] With probability η2(1− η)2, Bob detects the two par-
ticles and Alice none (and thus she always outputs 1). For this
subensemble, S2 = 0 + 14 + 0 +
3
4 + 0 +
1
4 =
5
4 .
[2.8] With probability, 2η(1−η)3, Alice detects one particle
and Bob none (and thus, since he observes equal intensities,
he outputs 1). Therefore, the value of S2 for this subensemble
is S2 = 12 + 0 +
1
2 +
1
2 + 0 + 0 =
3
2 .
[2.9] With probability, 2η(1− η)3, Bob detects one particle
and Alice none (and thus, since she observes equal intensities,
she outputs 1). Therefore, the value of S2 for this subensemble
is S2 = 0 + 12 + 0 +
1
2 +
1
2 + 0 =
3
2 .
[2.10] Finally, with probability, (1 − η)4, no one detects
any particle so each of them outputs 1. The value of S2 for
this subensemble is S2 = 0 + 0 + 0 + 1 + 0 + 0 = 1.
Therefore, ηmin follows from demanding that,
η4
(
21
16
− 1
2
√
2
)
+ 4η3(1− η)
(
6−√2
4
)
+2η2(1− η)2
(
3−√2
2
+
5
4
)
+
[
2η2(1− η)2 + 4η(1− η)3] 3
2
+(1− η)4 < 1, (14)
which implies
ηmin(N = 2) = 0.941. (15)
Similarly, for the case N = 3, we have found
ηmin(N = 3) = 0.905. (16)
Calculating ηmin(N) for higher values of N becomes difficult
and it is not really necessary as it is clear that ηmin(N) will in-
crease with N . The reason for this is that the maximum quan-
tum violation rapidly decreases asN increases (see Fig. 2), so
the fact that the parties yield a quantum-based outcome even
when they do not detect all N particles is not enough to ac-
count for the possible local hidden variable models.
The problem is that, for Bell experiments with V ≥ 0.98,
the highest experimental detection efficiencies reported are
η = 0.77–0.81 [20, 21]. Therefore, the values for the detec-
tion efficiency required to observe Bell nonlocality based on
the intensities produced by N particles are too high for what
is achievable with current technology: η ≈ 1 can be achieved
[22, 23], but at the cost of visibilities which are not enough for
Bell nonlocality based on the intensities of N > 5 particles.
However, even if the detection efficiency is not enough for
a loophole-free Bell test, we can run an experiment adopting
the fair sampling assumption. That is, selecting those runs of
the experiment in which both parties detect N particles and
making the assumption of fair sampling, namely, that the se-
lected runs are a faithful subset of those that would have been
obtained if detection efficiency would be perfect. This will al-
low us to experimentally observe Bell nonlocality using only
intensities with current equipment.
III. PROPOSED EXPERIMENT
Before applying the results presented here to any of the sit-
uations (I)–(III) discussed in Sec. I A, it would be interesting
to test the predictions in a more controlled experiment. With
this target in mind, we propose the following modified Bell
test:
(a) Suppose a heralded source that can emit an odd num-
ber N ≤ 15 of pairs of entangled photons, with visibility
V > 0.98. The pairs are emitted one by one, with temporal
separation τ between each pair. For that, we can use a source
of polarization-entangled pairs of photons based on quantum
dots [24, 25].
(b) In the space between the source and Alice’s measure-
ment device, we introduce beam splitters and mirrors in such
a way that photons can go through paths of different lengths.
See details later on. In contrast, there is only one possible path
between the source and Bob’s measurement device.
(c) For each of the local measurements, we use two single-
photon detectors, one for each outcome. Each of these detec-
tors must allow us to distinguish two photons that arrive with a
time difference τ . If we suitably postselect some runs we can
have no information of which photon of Alice is entangled
with which photon of Bob.
For example, let us assume for simplicity that N = 3 and
that the three photons of Alice are emitted by the source at
times t0, t0 + τ , and t0 + 2τ . Suppose that each of these
photons can follow a path of length 6τ , or 7τ , or 8τ , or 9τ , or
10τ . Now consider those runs in which one photon is detected
6at 8τ , one photon is detected at 9τ , and one photon is detected
at 10τ . In these runs, Alice cannot now which is the photon
of Bob each of her photons is entangled with. Still, according
to the results in Fig. 2, if the visibility is high enough and
adopting the assumption of fair-sampling, Alice and Bob can
observe a violation of the Bell inequality SN ≥ 1 for any
N ≤ 15 (with N odd).
IV. CONCLUSIONS
In the “macroscopic” limit of infinite number of particles,
the violation of Bell inequalities vanishes when the only ex-
perimental information are the intensities and we cannot dis-
tinguish arbitrarily small differences of intensities. However,
here we have shown that, for visibilities reachable in cur-
rent photonic Bell experiments, if the number of photons that
reach the detectors every time a local measurement is fixed
is N ≤ 15, then Bell nonlocality can be experimentally ob-
served with sufficient statistical significance from the detected
intensities, assuming that parties can distinguish any small dif-
ferences of intensity between their detectors.
We have identified three scenarios in which this result
can be useful: Bell experiments based on parametric down
conversion pumped by strong pulses, Bell tests with distant
moving sources of entangled pairs and/or local disturbances
in the propagation of the particles, and Bell experiments using
photodetectors based on living cells, including those using
human eyes as detectors. In addition, we have suggested
a way to experimentally test this prediction in a controlled
environment.
Note added.—After finishing this paper we have become
aware of two works reaching similar conclusions [26, 27].
Secs. (I A), (I B), (II C), and (III) include material that goes
beyond these works.
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